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Abstract This paper investigates the effects of surface roughness on the flow past a cir-
Q1
Q2
8
cular cylinder at subcritical to transcritical Reynolds numbers. Large eddy simulations of 9
the flow for sand grain roughness of size k/D = 0.02 are performed (D is the cylinder 10
diameter). Results show that surface roughness triggers the transition to turbulence in the 11
boundary layer at all Reynolds numbers, thus leading to an early separation caused by the 12
increased momentum deficit, especially at transcritical Reynolds numbers. Even at subcrit- 13
ical Reynolds numbers, boundary layer instabilities are triggered in the roughness sublayer 14
and eventually lead to the transition to turbulence. The early separation at transcritical 15
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Reynolds numbers leads to a wake topology similar to that of the subcritical regime, result-16
ing in an increased drag coefficient and lower Strouhal number. Turbulent statistics in the17
wake are also affected by roughness; the Reynolds stresses are larger due to the increased18
turbulent kinetic energy production in the boundary layer and separated shear layers close19
to the cylinder shoulders.20
Keywords LES · Vortex shedding · Wakes · Roughness21
1 Introduction22
Surface roughness is present in many engineering applications and its effects on turbu-23
lent boundary layers are of interest in aerodynamics, turbo-machinery, the earth sciences,24
and other disciplines. The effect of roughness has been the focus of much research (see25
for instance [1–3]). Most of the investigations in this area, however, have been performed26
on fully developed turbulent pipes and channels, and in zero-pressure-gradient turbulent27
boundary layers. In the particular case of cylinders, roughness may cause early transition28
from laminar to turbulent flow in the boundary layer, and may also change the way the flow29
develops behind the cylinder (see for instance [4]).30
In the flow past smooth circular cylinders, different flow regimes can be observed31
depending on the boundary layer behaviour. According to [5] there are four regimes: sub-32
critical with laminar separation, critical with a rapid decrease in the drag coefficient and the33
formation of an asymmetric laminar separation bubble (LSB), supercritical with a plateau in34
the drag and two symmetric LSBs followed by turbulent separation, and transcritical, where35
separation is purely turbulent. A detailed description of these flow regimes can be found36
in the review by [6]. Considerable work has been carried out measuring flow parameters37
(drag and lift coefficients, non-dimensional vortex shedding frequency, amongst others) at38
the different Reynolds numbers, and in particular, in the critical and supercritical regimes39
(see for instance [4, 7–12]).40
Similar regimes were defined for the rough cylinder by [13], based on his drag measure-41
ments (see Fig. 1). In the subcritical regime, the boundary layer is not influenced by the42
roughness. With the increase in the Reynolds number, the flow enters the critical regime and43
there is a drop in the drag coefficient: the onset of the critical transition is shifted to lower44
Reynolds numbers [14] as the roughness height increases, but the minimum drag coefficient45
is larger than that on a smooth cylinder, due to the transition to turbulence occurring at lower46
Reynolds numbers, and to an earlier separation due to the increased drag (and momentum47
deficit) caused by the roughness [13, 15–17]. The region between the minimum drag coeffi-48
cient and the zone where the Reynolds number reaches a plateau is the supercritical regime;49
in the transcritical regime the drag remains constant, independent of the Reynolds numbers.50
The shift in the critical regime to lower Reynolds numbers is documented by the experi-51
ments of [15] and was later confirmed by other experiments such as those conducted by [13].52
[18] measured the pressure distributions on smooth and rough cylinders in both uniform53
flow and turbulent stream in the critical regime, and discovered that pressure distribution and54
separation point can be changed due to the effects of roughness and inlet turbulent levels.55
Pressure distributions and boundary layer development on rough cylinders were also56
measured by [16]. Achenbach’s (1971) observations on the drag coefficient independence57
on the Reynolds number in the transcritical regime are confirmed by their work. More-58
over, increase of the roughness size is seen to lead to a thicker boundary layer with early59
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Fig. 1 Flow regimes in the flow past rough and smooth cylinders. SC - subcritical, C - critical, SpC super-
critical, TC - transcritical
separation and smaller pressure recovery. Also, in agreement with [13], the influence of 60
roughness on the flow regime and the reduction of the minimum drag as the roughness size 61
increases is confirmed by [19]. [20] observe that roughness causes early transition, but also 62
that using localised roughness a drag coefficient lower than that of the distributed roughness 63
can be obtained in the transcritical regime. Mean and fluctuating forces on different types 64
of rough surfaces were measured by [21, 22]. In his studies, all roughness types triggered 65
early transition to turbulence, ribs being more efficient at reducing the drag coefficient. 66
More recently, other type of surfaces, such as grooved cylinders, have been the focus 67
of investigations. For instance, [23] performed experiments on the influence of V-grooved 68
micro-riblet films on the drag coefficient for a circular cylinder at low Reynolds numbers. 69
However, whether this is beneficial can not be determined from their experiments as reduc- 70
tions in the drag coefficient of 7% are found at Re = 3.6 × 103 but increases 4% at 71
Re = 3.6 × 104. In contrast, [24] test different cylinders with grooved surface and report a 72
considerable drag reduction when compared to the smooth cylinder, in most of the cases. 73
Most of the experimental studies carried out so far focus on mean forces and vortex shed- 74
ding measurements, whilst quantitative studies of the flow field, including measurements of 75
the mean and fluctuating quantities around the rough cylinder are scarce. The present work 76
pays particular attention to how the changes roughness introduces in the boundary layer 77
affect the transition to turbulence and, as a consequence, the flow conditions behind the 78
cylinder. To do this, the flow past a rough cylinder at a Reynolds numbers of Re = 3.0×104, 79
4.2×104 and 4.2×105 with a sand-grain surface with roughness height k  0.02D is stud- 80
ied by means of large-eddy simulations (LES). According to [13], these Reynolds numbers 81
should correspond to subcritical, critical and transcritical flow regimes, respectively. Thus, 82
changes due to surface roughness in the flow parameters, boundary layer and flow topology 83
behind the cylinder can be analysed for the different regimes and by means of the direct 84
comparison with available results for the smooth cylinder. 85
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2 Mathematical and Numerical Models86
The spatially filtered incompressible Navier-Stokes equations [25] can be written as87
∂ui
∂xi
= 0 (1)
∂ui
∂t
+ ∂uiuj
∂xj
− ν ∂
2ui
∂xj ∂xj
+ ρ−1 ∂p
∂xi
− Fi = −∂Tij
∂xj
(2)
where xi are the spatial coordinates (or x, y, and z) in the stream-wise, cross-stream and88
span-wise directions. ui (or u, v, and w) stand for the filtered velocity components and p is89
the pressure. ν is the kinematic viscosity and ρ the density of the fluid. Fi is a body force90
used to impose the no-slip boundary condition on the rough cylinder surface; it is non-zero91
only in the cells including part or all of a roughness elements [26]. In Eq. 2 Tij is the subgrid92
scale (SGS) stress tensor, which must be modelled. Its deviatoric part is given by93
Tij − 13Tkkδij = −2νsgsS ij (3)
where S ij = 12
(
gij + gji
)
is the large-scale rate-of-strain tensor, and gij = ∂ui/∂xj . δij is94
the Kronecker delta. The formulation is closed by an appropriate expression for the subgrid-95
scale viscosity, νsgs . In this project the wall-adapting local-eddy viscosity model (WALE)96
[27] is used. This model yielded good results in previous simulations of the smooth cylinder97
at critical and supercritical Reynolds numbers (see [9] and [10]).98
The governing equations are discretised on a collocated unstructured grid arrange-99
ment using second-order spectrum-consistent schemes. Such schemes are conservative, i.e.,100
the symmetry properties of the continuous differential operators are preserved, and both101
stability and conservation of the kinetic-energy are ensured, even at high Reynolds num-102
bers and with coarse grids [28, 29]. A self-adaptive two-step linear explicit scheme on a103
fractional-step method for the convective and diffusive terms [30] is used for the temporal104
discretisation of the momentum equation, whilst an implicit first-order scheme is imple-105
mented for the pressure gradient. For more details about the numerical method, the user is106
referred to [28, 29, 31].107
An immersed boundary method (IBM) is used to recover a smooth no-slip boundary con-108
dition on the rough cylinder surface. It is based on the volume-of-fluid approach, i.e., the109
volume fraction occupied by the fluid of each cell is used in the fractional-step framework110
to correct the predicted velocity and enforce the no-slip condition on the rough surface. For111
more details the reader is referred to [26, 32, 33]. To represent the roughness, following the112
model proposed by [32] , the cylinder surface is divided into nθ × nz cells of side 2k/D.113
Within each cell, randomly rotated ellipsoids with semi-axes k/D, 1.4k/D and 2k/D are114
placed (k is the roughness height, see Table 1). At the Reynolds numbers of the present115
calculations, this model results in an equivalent sand-grain roughness ks/D  0.02 − 0.03116
[34]. The volume fraction for a given mesh and roughness height is then calculated once117
during pre-processing. It is important to stress that this sandgrain model produces a ’grey’118
interface between the roughness and the fluid whose location depend on the grid size. How-119
ever, as discussed in [26], the flow around a roughness element is not the focus for the fluid120
application under study and thus, this treatment does not affect greatly the statistics of the121
roughness sublayer and the cylinder wake.122
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The Poisson system derived from the incompressibility constraint is solved using a123
memory-aware auto-tuned Poisson solver for problems with one Fourier diagonalizable124
direction. This diagonalization decomposes the original 3D system into a set of independent125
2D subsystems. The algorithm focuses on optimising the memory allocations and trans-126
actions by taking into account redundancies on such 2D subsystems. Moreover, it takes127
advantage of the grid uniformity in the periodic direction for its vectorisation. This approach128
automatically optimises the choice of the preconditioner used for the solution of each fre-129
quency subsystem and dynamically balances its parallel distribution, constituting a highly130
efficient and robust HPC Poisson solver. This strategy allows to involve larger number of131
parallel processes in a single task, with less RAM memory per parallel process [35, 36].132
2.1 Definition of the case and boundary conditions133
The flow past a rough circular cylinder at Reynolds numbers Re = 3×104, 4.2×104, 4.2×134
105 with a sand-grain surface with height k/D  0.02 is considered. Here, the Reynolds135
number Re = Uref D/ν is defined in terms of the cylinder diameter D and the free-stream136
velocity Uref . As the value of the surface roughness is quite high (k/D  0.02) it would be137
interesting to analyse how roughness affect the wake at these different Reynolds numbers138
and if the regimes observed by [13] here apply. Also note that for the smooth cylinder the139
first two Reynolds numbers correspond to the subcritical regime, whereas the last one is in140
the critical regime (see for instance [9, 10, 13]).141
The cases are solved in a computational domain of dimensions x ≡ [−10D : 20D]; y ≡142
[−10D : 10D] in the stream-wise and cross-stream directions and three different span-wise143
lengths of 0.96D, 1.92D and 3.84D, with a circular cylinder of diameter D at (0, 0, 0). The144
dimensions of the domain in the stream-wise and cross-stream directions must be sufficient145
to contain the largest structures and allow the flow on the cylinder to be unaffected by the146
boundary conditions. This is especially true for the cross-stream direction where symmetry147
conditions are prescribed. Since the boundary does not allow fluxes to cross, the boundary148
should be placed far from the cylinder surface. In this work it is placed at a distance of149
10D from the cylinder; both streamwise and cross-stream domain sizes have been proven150
to be sufficient in similar flows (see for instance [9, 10, 37, 38]). The boundary conditions151
at the inflow consist of a uniform velocity (u, v,w) = (1, 0, 0). At the outlet, a pressure-152
based condition is used (see for instance [31]. In the span-wise direction periodic boundary153
conditions are imposed.154
At the cylinder surface, as commented previously a virtual sandpaper is used to impose155
the roughness [26, 32, 33]. A detail of the resulting sand-grain roughness surface is shown156
in Fig. 2, where the visualisation of the fraction of volume φ = 0.5 is shown, to represent157
the shape of the rough wall.158
A two-dimensional unstructured grid with a constant step in the span-wise direction is159
extruded to obtain the three-dimensional mesh. A prism layer around the cylinder surface160
extending up to the edge of the roughness sublayer, is constructed in the two-dimensional161
mesh. Beyond this distance from the wall an unstructured grid is used. [26] determined162
the maximum grid spacing required to represent this kind of surface roughness accurately.163
On this basis, in the present work, each roughness element is resolved by nθ × nz cells164
(see Table 1) of the superficial mesh with 30 − 60 points below the roughness crest in the165
wall-normal direction. Moreover, as the grid used is unstructured, more control volumes166
are clustered close to the cylinder and in the near wake, whereas away from the region of167
interest the mesh requirements are progressively relaxed (see Fig. 2b). Details about the168
meshes used are given in Table 1.169
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(a) (b)
Fig. 2 a Visualisation of the sand-grain surface coloured by the height of the surface (r/D − 0.5, r is the
radial distance from the cylinder centre). Note that in the figure the roughness is represented by the fraction
of volume φ = 0.5 ; b Detail of the mesh near the wall
2.2 Mesh sensitivity studies 170
As previously mentioned, three span-wise lengths and three levels of resolution of the 171
roughness elements are considered here. In Table 2, the results of the drag coefficient, fluc- 172
tuating drag and lift coefficients, minimum and base pressure coefficients, the location of 173
the minimum pressure coefficient and the non-dimensional vortex shedding frequency are 174
given for each of the meshes at Re = 4.2 × 104. 175
The cases are simulated for a sufficiently long period of time to obtain converged 176
statistics. For all simulations an initial transient period of roughly 60 time units (T U = 177
tUref /D=60) is discarded, to ensure statistically steady state is reached and all transients 178
have been washed out. After that statistics are collected. In order to ensure this is sufficient 179
integration time, the value of the averaged drag and lift fluctuations were also determined 180
over the last half of the simulations. These values are within 1.2% of the value determined 181
over the whole simulation, assuring well converged statistics. 182
Table 2 Flow parameters for different meshes at Re = 4.2 × 104
mesh CD CD,rms CL,rms Cp,min θmin −Cpb St θsep
M0 1.29 0.099 0.516 −1.57 72.7 −1.422 0.206 87.3
M1 1.062 0.076 0.513 −1.74 73.1 −1.190 0.217 88.5
M2 1.073 0.076 0.531 −1.78 75 −1.234 0.222 87.0
M3 1.221 0.072 0.525 −1.40 74.7 −1.247 0.194 86.4
M4 1.074 0.059 0.411 −1.58 74.6 −1.15 0.211 88.5
M5 1.189 0.054 0.402 −1.44 73.3 −1.15 0.198 86.8
M6 0.994 0.041 0.316 −1.548 74.1 −1.024 0.214 87.5
CD drag coefficient, CD,rms fluctuating drag, CL,rms fluctuating lift, Cp,min minimum pressure coefficient,
θmin location of the minimum pressure coefficient, −Cpb base pressure coefficient, St non-dimensional
vortex shedding frequency and θsep separation angle
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Roughness resolution has an important effect on the drag coefficient and on the base183
pressure. Note that the drag coefficient changes by 21.4% when roughness resolution is184
doubled for span-wise length of Lz/D = 0.96 (meshes M0 and M1), whilst for Lz/D =185
1.92 the change in the drag coefficient is about 13.6%. On the other hand, the increase in186
the span-wise length of the domain greatly affects the fluctuating lift and drag coefficients.187
For instance, for surface roughness resolution of 16 × 16 doubling the span-wise size of the188
domain (meshes M4 and M6) represents a change in the fluctuating drag and lift of about189
44% and 30.5%, respectively, whereas the change in the drag coefficient is 8%.190
In general, both roughness resolution and span-wise size of the domain are important for191
the flow parameters. Analysing the results presented in Table 2 for the roughness resolu-192
tion, at least a number of 16 × 16 grid points might be necessary to resolve each surface193
roughness sample. Regarding the span-wise length of the domain, it is not only related with194
the size of span-wise coherent structures that might be being truncated by a smaller length,195
but also with the number of surface roughness elements considered. An insufficient sam-196
pling might affect the distribution of the total drag on the surface as was shown by [26].197
Thus, considering that both drag and fluctuating lift are affected by the randomness of the198
surface distribution, the larger the span-wise size of the domain, the larger the number of199
roughness samples considered and a better representation of the surface. For the sizes con-200
sidered in Table 2, it seems that in terms of these quantities, there is still a large deviation if201
domain sizes of Lz = 1.92D and Lz = 3.84D are compared (meshes M4 and M6). How-202
ever, in terms of wake statistics a span-wise length of Lz = 3.84D should be enough to203
contain all relevant structures of the flow. The span-wise correlation was reported to vary204
as λz/D = 20Re−0.5 at low Reynolds numbers [39]. In the range up to Re = 2.1 × 104,205
it was observed to be λz/D ≈ 1 irrespective of the Reynolds number [40], whereas in the206
critical regime it was measured around λz/D ≈ 1.4 by [41] and lower than 1 by [9]. In207
order to cheque if Lz = 3.84D is enough to accommodate larger structures, two-point cor-208
relations at different locations were evaluated. The one-dimensional two-point correlation209
of the fluctuating variable φ′ = φ− < φ > is defined as210
φφ(x, y, δz) = 〈φ
′(x, y, z, t) φ′(x, y, z + δz, t)〉
〈φ′2〉 (4)
where 〈·〉 denotes averaging over time. In Fig. 3, two-point correlations at the cylinder apex211
(x, y) ≡ (0.0, 0.54) and at the wake centreline (x, y) ≡ (2, 0.0) are plotted for Re =212
3.0 × 104. In the location close to the cylinder apex, in the roughness sublayer, correlations213
drop to zero much faster than in the wake centreline, where larger structures are observed.214
Nonetheless, the spanwise length used seems to be acceptable for these Reynolds numbers.215
In order to further analyse the effect of the span-wise size of the domain, the stream-216
wise velocity and its fluctuations are plotted in Fig. 4 at x/D = 0.97 for Lz = 1.92D and217
Lz = 3.84D. As can be seen from the figure, a fair agreement is found between the statistics218
for the two domain sizes, the largest differences being around 4% in the magnitude of the219
peaks. Owing to these results, in the present work the mesh M6 with a span-wise length of220
Lz/D = 3.84 and a roughness resolution of 16 × 16 grid points is used. A larger span-wise221
domain or finer roughness resolution would be preferable, but it was considered that the222
final mesh should be a trade-off between accuracy and computational effort required.223
Finally, the resolution of the grid used in the simulations has been assessed by evaluat-224
ing the ratio of the resolved scales to an estimate of the Kolmogorov length scale at each225
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(a) (b)
Fig. 3 One-dimensional two-point correlations at different locations a at (x, y) ≡ (0.0, 0.54) and b at
(x, y) ≡ (2, 0.0) for Re = 3.0 × 104
control volume. Here the Kolmogorov length scale is evaluated as η = (ν3/)1/4, where the 226
turbulent kinetic energy dissipation rate is estimated as 227
 = (ν + νsgs) ∂u
′
i
∂xk
∂u′i
∂xk
(5)
For the largest Reynolds number, i.e., Re = 4.2 × 105, this ratio is of the order of 3 to 9 in 228
the near wake, i.e. x/D ≤ 5. According to [42] the motions responsible for the dissipation 229
of a scale larger than that of the Kolmogorov scale and in the range of 8η to 60η, the peak of 230
the dissipation of the turbulent kinetic energy occurs at approximately 24η. Thus, the grid 231
used in the present work is capable of solving large part of the dissipation, indicative of the 232
very good resolution achieved. 233
(a) (b)
Fig. 4 Comparison of the wake statistics at x/D = 0.97 for two span-wise size of the domain. a stream-wise
velocity and b stream-wise root-mean-square velocity
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3 Results234
As defined in Section 2.1, LES numerical simulations are performed on rough cylinders for235
three different Reynolds numbers of Re = 3 × 104, 4.2 × 104, 4.2 × 105.236
3.1 Flow parameters237
The variation of the drag coefficient and the non-dimensional vortex shedding frequency238
with the Reynolds number is plotted in Fig. 5. For comparison, experimental data from239
[15] (ks/D = 2 × 10−2 and ks/D = 9 × 10−3), [13] (ks/D = 9 × 10−3), [19]240
(ks/D = 1.2 × 10−2) and [4] (ks/D = 3 × 10−2 and ks/D = 9 × 10−3) are also given241
in the figure. Note the large scattering between the different experiments, which makes a242
quantitative comparison difficult. This in part might be due to the different experimental243
arrangements used but also to the difficulties in estimating the effective size of the roughness244
elements. In most of the measurements, the reported values of ks/D represent a rough esti-245
mate of the actual equivalent surface roughness [4, 16, 19]. Other experimental uncertainties246
reported are related to difficulties in the correction for wind tunnel blockage, end conditions247
issues caused by small gaps that produce some departure from ideal two-dimensional flow248
conditions, amongst others. A more complete discussion on the experimental conditions is249
given in Appendix A. In spite of the aforementioned issues, numerical results obtained are250
within the range of uncertainties reported and they seem to follow the same trend as exper-251
imental data. However, it would be convenient to analyse in more detail both the pressure252
distribution and the periodic behaviour of the forces acting on the cylinder surface.253
The pressure coefficient distribution along the cylinder circumference for the different254
Reynolds numbers is shown in Fig. 6. For the two lower Reynolds numbers (i.e. Re =255
3 × 104 and Re = 4.2 × 104) the pressure distribution is compared with the measurements256
for the smooth cylinder performed by [43]. They studied the effect of the cylinder aspect257
ratio and blockage and reported that for blockage larger than 6% considerable distortion of258
the flow might be observed, whereas for low aspect ratios both drag coefficient and base259
pressure are affected. Considering the foregoing, in this study experimental data for aspect260
ratio 10 and blockage of 3.5% are used.261
(a) (b)
Fig. 5 a Drag coefficient and b non-dimensional vortex shedding frequency. Comparison with available
results in the literature. ks/D = 3 × 10−2 [4], + ks/D = 2 × 10−2 [15], ks/D = 1.2 × 10−2 [19],
ks/D = 9 × 10−3[13], ks/D = 9 × 10−3 [4], ks/D = 9 × 10−3 [15], ks/D = 7 × 10−3 [19],
present LES
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(a)
(b)
(c)
Fig. 6 Pressure coefficient distribution along the cylinder circumference. Comparison with experimental
results. a Re = 3 × 104; b Re = 4.2 × 104; c Re = 3 × 105. Experiments for the smooth cylinder are taken
from [43]. Measurements for the rough cylinder from [22] at Re = 3.8 × 105, k/D = 1.22 × 10−2 and [20]
at Re = 1.7 × 106, k/D = 1.0 × 10−2. LES for the smooth cylinder at Re = 5.3 × 105 taken from [9]
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For the rough cylinder at the high Reynolds number, the flow for this roughness height262
is in the transcritical regime [13]. In this regime, pressure distribution and drag coefficient263
have a constant behaviour independently of the Reynolds number, and only function of the264
roughness parameter [13, 19]. Thus, at Re = 4.2 × 105, pressure distribution is compared265
with the experimental measurements of [22] at Re = 3.8×105 and k/D = 1.22×10−2 and266
with those of [20] at Re = 1.7×106 and k/D = 1.0×10−2. According to [9], for the smooth267
cylinder at the Reynolds number under study the flow should be in the critical regime, and268
flow symmetry is attained somewhere in between Re = 3.8 × 105 and Re = 5.3 × 105.269
Considering this, for comparison with the smooth cylinder, the symmetric flow conditions270
observed at Re = 5.3 × 105 are used here.271
For Re = 3 × 104 (Fig. 6a), the pressure distribution almost matches that of the smooth272
cylinder and only small differences are observed in the base pressure, the rough cylin-273
der being slightly less negative than the smooth one. Indeed, the average drag coefficient274
obtained is in agreement with that measured on smooth cylinders (see Table 3). As the275
Reynolds number increases, at Re = 4.2 × 104, there is a reduction in the drag coefficient,276
which seems to point out the onset of the critical regime. For the roughness size under study,277
this decrease is about 15% compared to the smooth cylinder (see values in Table 3). Actu-278
ally, for the smooth cylinder in the range of Reynolds numbers analysed, a plateau in the279
drag coefficient is observed up until the flow enters the critical regime at Re ≈ 2×105, with280
CD = 1.18 [12]. If the pressure coefficient distribution is compared with that of the smooth281
cylinder(see also Fig. 6b), the pressure minimum is lower and there is a small increase in282
the base pressure. Contrary to the critical regime for smooth cylinders, characterised by the283
formation of a laminar separation bubble (LSB) with delayed final turbulent separation of284
the boundary layer [9, 44], there is no presence here of LSBs (a LSB can be identified as a285
plateau in the pressure coefficient distribution, e.g. the plateau in the pressure observed for286
the smooth cylinder at θ ≈ 100◦ Fig. 6c). This is in good agreement with previous experi-287
mental studies which no LSBs are observed for relatively large values of surface roughness288
such as the one used in the present work [13, 19].289
One of the effects of the roughness is to trigger early transition to turbulence, shifting290
the critical regime to lower Reynolds numbers whilst the resulting critical (minimum) drag291
coefficient increases as the roughness height increases [13]. Considering the flow regimes292
for the roughened cylinder identified by [13], for the particular cases considered here the293
flow at Re = 4.2×105 (Fig. 6c) has already entered the transcritical regime. Indeed, there is294
a recovery in the drag coefficient of about 9% (see Table 3). Note that in spite of the different295
Reynolds numbers for the experimental measurements plotted in the figure, the pressure296
distributions along the cylinder are almost the same, as in the transcritical regime the flow297
parameters attain a nearly constant behaviour regardless of the Reynolds number and only298
depending on the roughness size [16]. The agreement of the numerical results obtained with299
experimental data is also rather good; small differences are expected as the roughness height300
is not the same as in the experiments. However, if the roughened cylinder is compared to301
the smooth one, large differences are observed. As was mentioned above, the flow for the302
smooth cylinder corresponds to the critical regime where the magnitude of the minimum303
pressure has decreased almost to a minimum value whilst the delayed separation of the304
boundary layer has allowed a recovery in the back pressure with the consequent decrease305
in the drag coefficient. For the rough cylinder, the pressure minimum is considerably larger306
whilst the early separation of the boundary layer has enlarged the base pressure zone in the307
rear end of the cylinder. As will be further discussed, these changes in the boundary layer308
not only introduce large changes in the forces acting on the cylinder but also in the vortex309
shedding and flow topology. Also note that the location of the minimum pressure moves310
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slightly downstream towards the cylinder apex when the drag is reduced from 1.073 to 0.994311
(at Re = 3.0×104 and Re = 4.2×104, respectively) and then, it moves upstream, towards312
the front stagnation point with the further drag recovery. This behaviour is similar to the313
changes that occur in the smooth cylinder when the flow goes from the subcritical to the314
critical regime, but in this case changes are of a smaller magnitude compared to the smooth315
cylinder. Actually, the rather small changes in the drag coefficient seems to point out that for316
larger roughness height the flow would shift directly from subcritical to transcritical regime317
as [19] suggested.x318
The non-dimensional vortex shedding frequency is nearly independent of the Reynolds319
number (Fig. 5b and Table 3), with a value around fD/Uref ≈ 0.206−0.214. These values320
are quite close to those reported in the subcritical regime for smooth cylinders and compa-321
rable to those reported by [19]. However, compared to the experimental results of [4], large322
differences are observed, especially at Re = 4.2 × 105. It should be stressed that at this323
Reynolds number there are no other experimental measurements available for rough cylin-324
ders. Yet, it is difficult to argue if these differences are due to the experimental arrangement325
(see discussion in Appendix A) or to numerics. Note also that at lower Reynolds number326
[4] results also deviate from those of [19] at comparable ks/D values.327
On the other hand, if the vortex shedding frequency for the rough cylinder at Re =328
4.2 × 105 is compared to that of the smooth cylinder at similar Reynolds numbers (see329
Fig. 7) there are also large differences. In Fig. 7, the time history of the drag and lift coeffi-330
cients together with the energy spectrum of the lift fluctuations are plotted. Lift fluctuations331
(CL,rms) are larger than the corresponding values for the smooth cylinder in this range of332
Reynolds number (note the change in the scale in Fig. 7c, e), whereas the vortex shedding333
frequency is lower for the rough cylinder. This effect is known to be related to the position334
of the boundary layer separation, as both vortex shedding frequency and drag coefficient335
are affected by this parameter [46]. For the rough cylinder at all Reynolds numbers, separa-336
tion occurs before the cylinder apex (see discussion in Section 3.3), thus producing a wide337
wake behind the cylinder and a larger drag coefficient. In contrast, for the smooth cylinder,338
Reynolds numbers around Re = 4.2 × 105 correspond to the critical regime where sepa-339
ration is delayed. As a consequence, the behaviour of the shear layers is altered, forming340
a narrow wake with a reduction of the drag coefficient [9, 10]. As suggested by [47] and341
later confirmed by several experimental and numerical studies [10, 48–50], a universal vor-342
tex shedding frequency (S∗t = St,corr (1 − Cpb)−0.5dw/D ≈ 0.164) in terms of the wake343
width(dw) can be defined for the wake behind bluff bodies. Thus, it should be expected that344
with the increase in the distance between both shear layers and the wake width, the non-345
dimensional vortex shedding frequency should decrease, as is seen for the rough cylinder.346
For the cases studied here, the non-dimensional vortex shedding frequency obtained are347
within 95% of the value predicted by the correlation S∗t = St,corr (1 − Cpb)−0.5dw/D ≈348
0.164. Note that for evaluating the correlation the wake width must to be estimated. In this349
case, it is estimated following [51] definition, also used in [10]. According to this, the wake350
width is dw/D = 1.123, 1.09, 1.136 for Re = 3.0×104, 4.2×104, 4.2×105, respectively.351
3.2 Overview of the instantaneous flow352
In Fig. 8, the instantaneous wake structures at Re = 4.2 × 104 are shown by means of iso-353
contours of the second invariant of the velocity gradient (Q = 15), pressure fluctuations354
and turbulent kinetic energy. As has been discussed in the previous section, vortex shedding355
does occur at all Reynolds numbers and, as can be seen from Fig. 8a, a von Ka´rma´n vor-356
tex street is formed behind the cylinder. The wake structure is quite similar for all Reynolds357
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(a) (b)
(c) (d)
(e) (f)
Fig. 7 Segment of the time history of lift and drag coefficients for the rough and
smooth cylinders (left) and energy spectrum of the lift fluctuations (right). a, b Re = 4.2 × 104 (rough
cylinder), c, d Re = 3.8 × 104 (smooth cylinder), e, f Re = 5.3 × 105 (smooth cylinder). Results for the
smooth cylinder are from [10]
numbers and resembles that formed behind a smooth cylinder in the subcritical regime, with 358
large stream-wise vortices connecting the two-dimensional vortex tubes. However, contrary 359
to the subcritical smooth cylinder, significant pressure fluctuations along the cylinder can 360
be observed (see Fig. 8b). These fluctuations are triggered on top of the surface roughness 361
elements and indicate a certain level of turbulent kinetic energy along the cylinder boundary 362
layer, as can also be observed in Fig. 8c, close to the cylinder shoulder. Indeed, these fluctu- 363
ations on top of the roughness elements are responsible of rapidly triggering the transition 364
to turbulence once the boundary layer is detached from the cylinder, as can be see from the 365
figure. 366
A close inspection of the separated shear layer and cylinder near-wake is shown in Fig. 9. 367
In the figure, instantaneous span-wise vorticity isocontours (ωz = ±15) are used to visualise 368
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(a)
(b)
Fig. 8 Instantaneous flow structures at Re = 4.2×104. a Q-isosurfaces Q = 15; and b pressure fluctuation
isosurfaces p′/ρ U2ref = −0.2 coloured by stream-wise velocity; c turbulent kinetic energy
the structures in the boundary layer. The inception of small-scale fluctuations, even at the
Q3
369
subcritical Reynolds number of Re = 3.0 × 104 is observed close to the cylinder apex (for370
reference in the figure, the angular position at 90◦ is marked with a line). This is in contrast371
with the smooth cylinder in which the flow separates laminarly and these small scale fluctu-372
ations are triggered in the separated shear-layer in this regime (subcritical regime). Although373
not visible in Fig. 9a, b, these boundary layer instabilities are triggered quite early (see also374
Fig. 10). In Fig. 10, the time history and spectrum of the stream-wise velocity fluctuations375
of three different numerical probes at (r, θ) ≡ (0.54D, θ) being θ = 45◦, 70◦ and90◦ for376
Re = 4.2 × 104 and Re = 4.2 × 105 are plotted. At 45◦ from the front stagnation point,377
the fluctuations in the boundary layer are barely noticeably for Re = 4.2 × 104. Actually,378
they appear as very small fluctuations on top of the periodic behaviour of the velocity due379
to vortex shedding (see Fig. 10a). However, as the boundary layer evolves, fluctuations are380
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(a) (b)
(c) (d)
(e)
Fig. 9 Instantaneous span-wise vortical structures. ωz = ±15. a Re = 3 × 104; b Re = 4.2 × 104; c
Re = 4.2 × 105; d Re = 3.8 × 105 (smooth cylinder) and e Re = 5.3 × 105 (smooth cylinder)
amplified and at θ = 70◦ become more significant. The inception of these fluctuations on 381
top of the regular variation of the velocity, can also be seen in the energy spectrum (see 382
Fig. 10c). In the figure, apart from the vortex shedding peak (fvs), there is a broad-band 383
peak at a larger frequency (marked in the figure as fBL). This peak disappear in the back- 384
ground of the fluctuations at θ = 90◦ once the boundary layer is detached from the cylinder 385
surface. It seems, however, that these instabilities occur at a sublayer scale for the two lower 386
Reynolds numbers (the numerical probes are located at a radial distance of r/D = 0.54) 387
and they barely affect the boundary layer as can be seen in Fig. 9a,b at these locations. This 388
is in agreement with [13], who observed that in the subcritical regime the boundary layer 389
was laminar up to the separation point. 390
AUTHOR'S PROOF JrnlID 10494 ArtID 9866 Proof#1 - 14/10/2017
UN
CO
RR
EC
TE
D
PR
OO
F
Flow Turbulence Combust
(a) (b)
(c) (d)
Fig. 10 Time history and power spectrum of the stream-wise velocity fluctuations in the boundary layer
at 45◦, 70◦ and 90◦ from the front stagnation point. For Reynolds numbers a, c Re = 4.2 × 104, b, d
Re = 4.2 × 105
At Re = 4.2 × 105, the boundary layer is in transition as early as at θ = 45◦ and small-
Q4
391
scale fluctuations can be seen throughout the whole boundary layer (Fig. 9c). If compared392
to the smooth cylinder at Re = 3.8 × 105 and Re = 5.3 × 105 (Fig. 9d,e), it is possible393
to observe the changes roughness introduces in the boundary layer. The magnitude of the394
fluctuations are larger than those observed at the lower Reynolds numbers (see Fig. 10b).395
Also note the change in shape of the energy spectrum at this Reynolds number and how the396
peak of the boundary layer instabilities is almost embedded into the background fluctua-397
tions. At the cylinder shoulder (i.e. θ = 90◦), as for the lower Reynolds numbers, the flow398
is already detached and turbulent shear-layers can be observed departing from that location.399
AUTHOR'S PROOF JrnlID 10494 ArtID 9866 Proof#1 - 14/10/2017
UN
CO
RR
EC
TE
D
PR
OO
F
Flow Turbulence Combust
After separation, the wake is more similar to the one observed for the rough cylinder at 400
Re = 4.2 × 104 (see Fig. 8a), than the wake of smooth cylinders at comparable Reynolds 401
numbers. For the smooth cylinder boundary layer instabilities are triggered near the cylinder 402
apex, but transition to turbulence occurs just after separation [9, 10] (see Fig. 9d,e) giv- 403
ing place to a narrow wake. The fact that surface roughness triggers flow fluctuations early 404
forces the rapid separation, thus changing the topology of the near wake as it is shown in 405
the next section. 406
As mentioned earlier, the broad-band peak observed (marked in the figures as fBL), is 407
more evident for the two lower Reynolds numbers, i.e. Re = 3 × 104 and Re = 4.2 × 408
104. In Fig. 11, a comparison of the spectrum at θ = 70◦ for the three Reynolds numbers 409
is plotted. The location of this peak does not seem to vary with Reynolds number, being 410
around f D/Uref = 12.1 for all cases. A priori, one might think that this frequency, which 411
seems to be associated with the instabilities of the boundary layer, should vary with the 412
Reynolds number as the frequency of the instabilities in the shear layer does (fSL/fvs = 413
0.0235Re0.67, [52]). However, as instabilities are here triggered by the surface roughness 414
and not by a convective-type mechanism as in the smooth cylinder in the subcritical regime 415
Fig. 11 Energy spectra of the stream-wise velocity fluctuations at θ = 70◦ for the different Reynolds
numbers studied
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[53], then this peak may be also associated with the surface roughness size. Note that if416
the frequency of this peak is defined in terms of the roughness height, it corresponds with417
a non-dimensional frequency centred at f k/Uref = 0.242. The value of this frequency is418
close to the values measured on mounted circular cylinders and hemispheres f k/Uref ≈419
0.222 − 0.225 by [54] and on mounted spheres f k/Uref ≈ 0.204 by [55]. Nonetheless, as420
no parametric studies regarding the roughness size are conducted in the present work, no421
conclusions can be derived on the influence of the roughness size with the boundary layer422
instability frequency.423
3.3 Boundary-layer and wake statistics424
Tangential velocity profiles along the boundary layer in the vicinity of flow separation for425
all Reynolds numbers are plotted in Fig. 12. Velocity profiles are almost the same for the426
three Reynolds numbers, but as the flow approaches separation near the cylinder apex, the427
boundary layer for the lower Reynolds number becomes thicker. Flow separation occurs428
close to the cylinder apex at all Reynolds numbers. However, here the location of the separa-429
tion point is not determined by the position where the wall stress becomes zero. As observed430
by [56], for a rough surface the wall stress becomes zero because of flow reversal inside the431
roughness sublayer rather than with separation of the flow from the surface. Moreover, they432
found that actual flow separation is related with the location where the total stress becomes433
negative at the roughness crest. Following [56], we have defined the location where flow434
reversal starts θr , as the angular position where τw = μ∂uθ/∂n becomes zero and, the loca-435
tion of flow separation θsep as the angular position where the total stress at the roughness436
crest becomes negative. The total stress is defined as437
τcrest =
(
μ
∂uθ
∂n
+ ρ 〈u′ru′θ
〉
)
kcrest
(6)
In the above equation, μ accounts for both the fluid and the subgrid scale viscosity. For438
the rough cylinder, it has been found that flow reversal starts as early as θr ≈ 78◦, whereas439
separation at all Reynolds numbers occurs close the cylinder apex at θr ≈ 85.5−88◦, similar440
to the values reported for the smooth cylinder in the sub-critical regime. These locations are441
reported in Table 4. As can be seen, although roughness affects the location where transition442
to turbulence takes place, the separation of the boundary layer for the two lower Reynolds443
numbers remains almost the same as for the smooth cylinder. However for Re = 4.2 × 105,444
Fig. 12 Tangential velocity profiles (uθ/Uref ) along the boundary layer
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Table 4 Angular positions for
flow reversal θr and flow
separation θsep in the boundary
layer
Re θr θsep
3.0 × 104 78 88
4.2 × 104 78 87.5
4.2 × 105 77 85.5
3900 (smooth sub-critical) [38] − 88
3.8 × 105 (smooth critical) [9] − 145/219
5.3 × 105 (smooth critical) [9] − 148
Comparison with the smooth
cylinder at sub-critical and
critical Reynolds numbers
separation is triggered early thus affecting the topology of the near wake as will be discussed 445
later. The value of the total stress at the roughness crest has been also used to determine 446
whether the flow in the boundary layer is in the transitional or fully rough regime. Although 447
in the case of the cylinder the shear stress at the roughness crest varies with the angular 448
position, when it attains its maximum value (close to the angular position of 70◦) the value 449
of k+ = k uτ /ν ≈ 60 for Re = 3.0 × 104 (with uτ = √τcrest /ρ). This value increases up 450
to k+ ≈ 1870 for the highest Reynolds number. Thus, given these values it might be stated 451
that for the lowest Reynolds number the flow in the boundary layer is in the transitional 452
rough regime, whereas at the high Reynolds number it is fully rough for most of the forward 453
part of the cylinder. 454
In Fig. 13, the boundary-layer integral quantities for the rough case at Re = 4.2 × 105 455
are compared with the experimental data by [16] at Re = 3×105, but for smaller roughness 456
(k/D = 2.66×10−3) and with the smooth-cylinder data at Re = 3.8×105 [9]. Here, δ95 is 457
the location where the velocity is 95% of the velocity outside the boundary layer, δ1 and δ2 458
are the displacement and momentum boundary-layer thicknesses, respectively defined as: 459
δ1 =
∫ δ95
0
(
1 − U
Ue
)
dy; δ2 =
∫ δ95
0
U
Ue
(
1 − U
Ue
)
dy. (7)
The expected trends can be observed: roughness increases all these quantities; they also 460
increase along the cylinder surface, especially near separation. 461
Velocity profiles at selected locations along the boundary layer are shown in Fig. 14. 462
Comparison between the same three datasets are carried out. The near-wall behaviour of 463
the experimental data (the filled triangles, digitised from Fig. 3b in [16]) is anomalous: the 464
velocity does not appear to approach U/Ue = 0, but rather U/Ue = 0.2. This behaviour is 465
particularly noticeable in the measurements at θ = 98◦: the flow here is separated, and neg- 466
ative velocities should be expected near the wall; the experimental profile has the expected 467
shape, with a reversed concavity, but the velocity remains positive. We conjecture that the 468
anomalous behaviour is not caused by experimental error (which would have to be of the 469
order of 20%), but rather by a mislabelling of the axis. Therefore, we report both the raw 470
data digitised from the figure, and the one corrected according to our conjecture (the filled 471
circles). 472
Compared to the smooth-wall case, a significant momentum deficit is observed in the 473
rough-wall cylinders. This momentum deficit is responsible for the early separation of the 474
flow. Slightly negative velocities (due to the flow separation behind the roughness ele- 475
ments) are observed below the crest. The agreement with the (corrected) experimental data 476
is remarkable, given the difference in roughness height between the two cases. This may be 477
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Fig. 13 Integral boundary layer quantities. Dashed-dot: Smooth cylinder (data from simulations from [9]);
solid: rough cylinder, experimental data by [16]; dashed: present calculation, Re = 4.2 × 105. a Boundary
layer thickness; b displacement thickness; c momentum thickness
related to Townsend’s outer-layer similarity hypothesis [57], and is an issue that deserves478
further study.479
Near-wake mean-field visualisations can provide further evidence of how roughness480
affects the flow behaviour. Figures 15 and 16 show the structure of the near wake in terms481
of time-averaged first- and second-order statistics for Re = 4.2×105. For comparison with482
the critical wake for the smooth cylinder, the same patterns are shown at Re = 5.3×105. For483
the smooth cylinder in the onset of the critical regime, the flow is asymmetric and symmetry484
is recovered at the end of the critical regime [9]. Statistics are shown here at Re = 5.3×105,485
once the flow has recovered its symmetry (see [9] for details). Even though the flow past486
the rough cylinder is at different regimes, i.e., subcritical at Re = 3.0 × 104, critical at487
Re = 4.2 × 104 and transcritical at Re = 4.2 × 105, for the surface roughness heigh in this488
study, differences in the separation point are not large enough to change the wake topology489
behind the cylinder, which remains almost the same regardless of the Reynolds number. For490
this reason in Figs. 15 and 16 only the wake for Re = 4.2 × 105 is shown.491
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Fig. 14 Mean velocity profiles. Dashed-dot: Smooth cylinder [9]; triangle: rough cylinder, experimental
data by [16]; circle: corrected experimental data; dashed: present calculation, Re = 4.2 × 105. a θ = 73◦; b
θ = 83◦; c θ = 93◦; d θ = 98◦. y is the radial distance measured from the roughness crest
The overall shape of the near wake, especially the first-order statistics, resembles the 492
wake of the smooth cylinder in the subcritical regime (see for instance figures 4-9 of [58] 493
at Re = 1.0 × 104 or figures 6 and 8 in [45] at Re = 4.13 × 104). In Fig. 15, contour plots 494
of the stream-wise velocity, span-wise vorticity and pressure coefficient are shown for the 495
near wake. The minimum velocity deficit in the wake centreline is 〈u〉 /Uref = −0.265, 496
slightly smaller than for Re = 3 × 104 and Re = 4.2 × 104 (see Table 5). These values are 497
quite close to those of the smooth cylinder. Nonetheless, the overall wake topology at Re = 498
4.2 × 105 is quite different when compared to the smooth cylinder at Re = 5.3 × 105. The 499
wake is much wider than that of the critical smooth cylinder. As mentioned in the previous 500
section, roughness triggers early transition to turbulence and boundary layer separation. 501
Thus, turbulent shear layers depart almost parallel to each other, similar to the way laminar 502
AUTHOR'S PROOF JrnlID 10494 ArtID 9866 Proof#1 - 14/10/2017
UN
CO
RR
EC
TE
D
PR
OO
F
Flow Turbulence Combust
(a) (b)
(c) (d)
(e) (f)
-0.235 -0.047 0.139 0.327 0.514
1.45
1.263
-0.235
-0.047
0.139
0.327 0.514
1.45
1.263
0.701
0.888
-1
1
-2
2
-3
3
10
-10
-1
1
-2
2
-3
3
10
-10
0.15
0.15
0.15
0.3 0.45
0.6
1.35
1.5
0
0-0.1
-0.2
-0.2
-0.3
-0.9
-0.4
Fig. 15 Transcritical wake topology at Re = 4.2 × 105. Comparison with the smooth cylinder at Re =
5.3 × 105. First order statistics: a, b stream-wise velocity; c, d span-wise vorticity; (e,f) pressure coefficient
shear layers separate from the cylinder in the subcritical regime (see Fig. 15c). Due to this503
early separation, the wake is wider than that of the smooth cylinder. For the critical smooth504
cylinder, shear layers are bent towards the wake centreline (see Fig. 15d) changing the way505
vortices are shed into the wake and the topology of the vortex formation region, as reported506
in [9] and [10]. Stream-wise velocity iso-contours are also different, with the cross-stream507
separation between velocity maxima in the wake larger for the rough cylinder in comparison508
with the smooth critical cylinder (see Fig. 15a). Moreover, pressure patterns are completely509
different, pressure levels being higher, and the minimum occurs in the front face of the510
cylinder, approximately at 70◦ (see also the comparison in Fig. 6c), whereas for the critical511
smooth cylinder pressure reaches a minimum near the cylinder shoulder with a higher base512
pressure.513
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Fig. 16 For caption see facing page. Transcritical wake topology at Re = 4.2 × 105. Comparison with the
smooth cylinder at Re = 5.3 × 105. Second order statistics: a, b stream-wise normal Reynolds stresses; c, d
cross-streamwise normal Reynolds stresses; e, f shear Reynolds stresses; g, h turbulent kinetic energy
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Although first order statistics are similar to those in the subcritical regime, second- 514
order statistics patterns are rather different for the rough cylinder. Reynolds stresses peaks, 515
together with their location, for all Reynolds numbers, are also given in Table 5. For com- 516
parison, these quantities for the subcritical and critical smooth cylinders are also included. 517
Note that the peak values for the rough cylinder are the largest, as will be discussed here- 518
after. It is well known that, for the smooth cylinder, the topology and peaks for the Reynolds 519
stresses remain almost the same throughout the whole subcritical regime (see also values 520
reported in [59] at Re = 1.1 × 105). However, although the topology of the near wake 521
for the rough cylinder is almost the same for the three Reynolds numbers studied, the peak 522
values for Re = 4.2 × 105 are consistently higher than those observed at the two lower 523
Reynolds numbers (about 10% larger). These magnitudes, with the exception of the normal 524
stream-wise Reynolds stresses peak, are attained just after the closure of the recirculation 525
bubble (see Table 5). Moreover, a noticeable difference with the smooth cylinder in both the 526
sub-critical and critical regimes is the larger magnitude of the Reynolds stresses, about 20% 527
higher than the subcritical regime and more than 300% if compared to the critical regime. 528
The latter effect is expected as an important part of the Reynolds stresses comes from the 529
coherent component contribution [59, 60], which is reduced in the critical regime due to 530
the narrowing of the wake; the wider the wake the larger the contribution of the coherent 531
component to the Reynolds stresses. 532
(a) (b)
(c) (d)
Fig. 17 First order statistics in the recirculation region behind the cylinder. a, c Stream-wise velocity and b,
d cross-streamwise velocity at xˆ/Lr = 0.5 and 1
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As previously mentioned, fluctuations are triggered early in the boundary layer at all533
Reynolds numbers. These fluctuations are visible in the averaged field in the front side of the534
cylinder; fluctuations follow the cylinder surface curvature (see Fig. 16). This is in contrast535
with the smooth cylinder in the subcritical regime where fluctuations are triggered in the536
detached shear-layer (see for instance [58, 61]) or for the critical just after separation (see537
Fig. 16b, d, f, h). Although Reynolds stresses maxima are of the same order for all Reynolds538
numbers, the loci of the maxima and velocity minimum are changed as these locations539
depend on the length of the vortex formation zone which changes with the Reynolds number540
(it decreases as the flow for the rough cylinder moves from the subcritical to the transcritical541
regime, see Tables 2 and 5).542
A detailed comparison between the different Reynolds numbers is shown in Figs. 17, 18543
and 19, where the near-wake statistics in the recirculation zone at selected locations are544
given. As the length of the recirculation region behind the cylinder (the distance from the545
cylinder rear end to the stream-wise location in the wake centreline where the stream-wise546
velocity is zero, see Table 3) changes depending on the Reynolds number, to make compara-547
ble the flow statistics in the near wake they are plotted at stream-wise locations normalised548
by the length of the recirculation zone, xˆ/Lr ,with xˆ = x−0.5D. In the figures, statistics are549
plotted at xˆ/Lr = 0.5 and 1. Moreover, the statistics for the smooth cylinder at Re = 3900550
(subcritical regime, [38]) and for the critical regime at Re = 5.3×105 are also shown in the551
figures. Direct comparison of the wake statistics with the smooth cylinder at Re = 3.8×105552
(a) (b)
(c) (d)
Fig. 18 Second order statistics in the recirculation region behind the cylinder. a, c Stream-wise normal and
b, d cross-streamwise normal Reynolds stresses at xˆ/Lr = 0.5 and xˆ/Lr = 1
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(a) (b)
(c) (d)
Fig. 19 Second order statistics in the recirculation region behind the cylinder. a, c Shear stresses and b, d
turbulent kinetic energy at xˆ/Lr = 0.5 and xˆ/Lr = 1
are not included as at this Reynolds number the wake configuration is asymmetric due to 553
the changes occurring in the critical regime (see [9] for more details). 554
First order statistics in the recirculation zone (xˆ/Lr ≤ 1) compare well with the statistics 555
for the smooth cylinder in the subcritical regime (Re = 3900, see Fig. 17). The topology of 556
the near wake inside the recirculation zone depends on the position of the shear layers and 557
on the location where the recirculation bubble closes. At the same time, the average location 558
of the shear layers only depends on the separation point from the cylinder surface (see values 559
reported in Table 4). This is the reason why the topology of the recirculation zone for the 560
rough cylinder resembles that of the smooth cylinder in the subcritical regime. Note that for 561
xˆ/Lr = 0.5 and xˆ/Lr = 1 stream-wise velocity profiles for the rough cylinder and for the 562
subcritical smooth cylinder at Re = 3900 are nearly the same. As commented previously, 563
in both cases the separation of the boundary layer occurs before the cylinder apex. 564
Regarding the second order statistics (see Figs. 18 and 19), as mentioned previously, for 565
the roughened cylinder the Reynolds stresses are higher than those obtained for the smooth 566
one. Note that stresses for the critical smooth cylinder (Re = 5.3 × 105) are the lowest 567
ones and, due to the narrower wake, are confined to a reduced zone close to the cylinder 568
centreline. This is more relevant when the stresses of the rough cylinder at Re = 4.2 × 104 569
are compared to those for the smooth cylinder at Re = 5.3 × 105. The shape, magnitude 570
and location of the peaks are completely different implying an important topology change 571
due to the surface roughness. 572
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(a) (b)
Fig. 20 Contours of the production of the turbulent kinetic field. a at Re = 4.2 × 105 (rough cylinder) b at
Re = 3900† (subcritical smooth cylinder). † Data taken from author’s DNS [38]
Further insight into the distribution of the turbulent intensities can be obtained if the573
production of the turbulent kinetic energy (TKE) is analysed. The production of turbulent574
kinetic energy is575
Pk = −
[
u′1u′1
∂u1
∂x1
+ u′2u′2
∂u2
∂x2
+ u′1u′2
(
∂u1
∂x2
+ ∂u2
∂x1
)]
(8)
As the overall topology of the wake for the rough cylinder is quite similar to the smooth576
subcritical cylinder, in Fig. 20, contours of the production of the turbulent kinetic energy at577
Re = 4.2 × 105 are compared to the smooth cylinders at Re = 3900. As can be seen in the578
figure, levels of TKE production in the wake are comparable in both cases, with peaks equal579
to 0.366 and 0.34, respectively. However, a region of TKE production can be observed on580
top of the roughness surface with an overall maximum on the cylinder shoulders and in the581
separated boundary layers. That is, part of the fluctuations observed in the near wake for582
the rough cylinder comes from the production of turbulent kinetic energy in the roughness583
sublayer and turbulent shear layers. This turbulent kinetic energy is convected downstream584
to feed the wake. This might be the reason why normal and shear stresses peaks for the585
rough cylinder are about 20% larger than those for the smooth cylinder in the subcritical586
regime (see also Table 5).587
4 Concluding Remarks588
Large-eddy simulations of the flow past a rough cylinder at Reynolds number of Re =589
3.0 × 104, Re = 4.2 × 104 and Re = 4.2 × 105 and an equivalent sandgrain roughness590
of height k = 0.02D have been performed. An immersed boundary method has been used591
to enforce the no-slip condition on the rough surface. Significant changes in the boundary592
layer and the flow topology behind the cylinder have been observed, especially for the593
transcritical Reynolds number Re = 4.2×105, as a consequence of the roughness elements.594
Roughness introduces velocity fluctuations in the boundary layer, which are observed595
along the whole span of the cylinder. These fluctuations can be seen as a broadband peak in596
the spectrum centred about fD/Uref = 12.1, at all Reynolds numbers. Transition to tur-597
bulence in the boundary layer is triggered as early as 45◦ from the cylinder front stagnation598
point for the higher Reynolds number, and around 70◦ for the lower Reynolds numbers.599
Boundary layer separation occurs before the flow reaches the cylinder apex as it does for the600
smooth sub-critical cylinder. However, at Re = 4.2 × 105, the flow separates early as the601
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rough wall boundary layer has less momentum near the wall. As a consequence, the drag 602
coefficient increases with respect to the smooth cylinder at comparable Reynolds numbers. 603
The wake characteristics are determined more by the location of the separation rather 604
than by the state of the boundary layer. The wake topology resembles that of the smooth 605
subcritical cylinder at all Reynolds numbers. At the largest Reynolds number, i.e. at Re = 606
4.2 × 105, the flow would be expected to be in the critical regime, but as roughness affects 607
the detachment of the boundary layer, the wake is much wider than that of the critical 608
smooth cylinder. Compared to this, Reynolds stresses are higher and turbulent fluctuations 609
are observed along the boundary layer. This increase in the fluctuations might be attributed 610
to a higher turbulent kinetic energy production in both the boundary layer and separated 611
shear layers. This turbulent kinetic energy is then convected downstream to the wake behind 612
the cylinder. 613
Further research is needed in order to study the changes occurring in the attached bound- 614
ary layer. The role of the surface roughness in triggering the early transition also deserves 615
further study, as well as a comparison of different roughness heights. 616
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Appendix: A Note on the Experimental Measurements 628
A large scattering in the experimental measurements for the rough cylinder is observed. 629
As in the case of the smooth cylinder, some of these discrepancies might be attributed to 630
the wind tunnel blockage ratio, cylinder aspect ratio, turbulence intensity of the free-stream 631
flow and cylinder end conditions, amongst others (see discussion in [10]). In Table 6, a 632
summary of the experimental conditions of the measurements used for comparison in the 633
present study are summarised. 634
In the experiments performed by [15], glass paper was used for the surface rough- 635
ness, although the roughness parameter was not reported. Later, in [62] these results 636
were identified by their corresponding surface roughness parameter. The values reported 637
were uncorrected for wind tunnel blockage. However, the authors referred to different 638
end conditions issues caused by small gaps that might produce some departure from ideal 639
two-dimensional flow conditions. 640
In [13], a small aspect ratio cylinder of Lz/D = 3.33 was used. Yet, in [4] the authors 641
commented on this subject pointing out that for the rough cylinder no differences were 642
found in the models of Lz/D = 3.33 and Lz/D = 6.6. Two out of the three roughness 643
height used in [13] (i.e. ks/D = 1.1×10−3 and ks/D = 4.5×10−3) were obtained by using 644
emery paper calibrated by pressure drop measurements in a square duct and then comparing 645
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the results to those of [63]. However, a rough calibration was made for the spherical rough- 646
ness, by comparing the results with those of [15] giving as a result a roughness parameter of 647
ks = 0.55d (where d is the diameter of the spheres). Uniform pyramids of rhomboid basic 648
area were used as roughness elements in [4] which were calibrated based on the results of 649
[15]. 650
In general, all authors refer to the problem of estimating the effective size of the 651
roughness so the values of ks/D in most of the measurements might represent a rough esti- 652
mate (e.g. [4, 16, 19]). For a larger compilation and discussion of different experimental 653
conditions and results the reader is referred to [16]. 654
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